Abstract: A sensitivity analysis of absorption sensing based on the symmetrical metalcladding waveguide is presented. The calculated reflectivity curve shows that any minute variation of the extinction coefficient due to absorption of the sample will easily give rise to a dramatic change in the minimum reflectivity. It is found that thickness of the metal coupling film is a critical factor. With a thin metal coupling film, the minimum reflectivity decreases at first, reaches zero, and then increases gradually when extinction coefficient of the sample increases. However, in another case, the minimum reflectivity always increases as an increasing extinction coefficient of the sample. These characteristics are explained in terms of comparison between the intrinsic and radiative dampings, which are derived in an analytic form by using the first-order perturbation theory. A proof-of-concept experiment, that is, absorption sensing the methylene blue concentration, is also given.
Introduction
In the literature, many optical schemes [1] have been proposed for bio-chemical sensing due to their advantages of simple architecture, non-destructive measurement, and immunity to the electromagnetic interference. The common sensing principle [2] - [6] can be summarized as follows: the bio-chemical reaction causes a variation in the real part of sample dielectric constant, which gives rise to a detectable optical signal. For instance, the grating coupled optical waveguide interferometer [4] allows the detection of surface adsorbed molecules densities below 1 pg/mm 2 . On the other hand, the imaginary part of sample dielectric constant (i.e., the extinction coefficient) can also be altered by some bio-chemical reactions [7] . Several experiments [8] - [12] have manifested that the absorption-based sensing is an alternative approach with capability of a precise bio-chemical detection.
The absorption-based sensors are roughly divided into two categories: the transmitted light intensity detection and the attenuation total reflection detection. In the former case [8] , the transmitted light intensity obeys the Lambert-Beer law, namely, it attenuates exponentially as the light beam travels through the absorption sample. Consequently, the desired sensitivity always comes at a price of a long optical path and a large volume of sample. To miniaturize the sensors, the researchers are obliged to enhance the light-matter interaction by employing the spiral microfluid channel [9] or slowing the light speed [10] . In the second case [11] , [12] , the penetration of an evanescent field into the absorption sample results in a reflectivity dip, where the minimum reflectivity strongly depends on the extinction coefficient of sample. However, a typical evanescent penetration depth is only about a few hundred nanometers, which is less than the size of bio-macromolecules.
Thought the evanescent penetration depth is in principle infinite in the reverse symmetry waveguide [3] , the guided wave [13] is recommended as a probe for the sake of a higher sensitivity. The underlying physics [14] - [16] is that the bigger the portion of power that interacts with the sample, the higher the sensitivity will be. Similarly, the detected sample in the symmetrical metal-cladding waveguide (SMCW) functions as a guiding layer, where not an evanescent field but an oscillating field [17] propagates. Our previous works [18] show that the excited ultrahigh-order mode [17] is highly sensitive to the change in the real part of the sample dielectric constant. Meanwhile, the determination of trace chromium (VI) [19] has further demonstrated that the absorption-based SMCW sensor is also feasible. Regrettably, a detailed sensitivity analysis on the absorption-based sensing has not been elucidated in [19] . Here, the intrinsic and radiative dampings of SMCW are derived in an analytic form by using the first-order perturbation theory. It is found that as altering the extinction coefficient of sample, the minimum reflectivity varies accordingly and exhibits two different evolution behaviors relying on thickness of the metal coupling film. As expected, the experimental measurements of methylene blue concentration agree well with the sensitivity analysis.
Structure and Damping Expressions
The structure of SMCW for absorption-based sensing is illustrated in Fig. 1 . A glass prism is coated with a thin metal film to function as the coupling film. A thick metal film is sputtered on a glass slab to act as the substrate. The sample inlet and outlet are produced through the suitable placement of two identical C-shaped glass plates. The sample room is formed by sandwiching the C-shaped glass plates between the two former metal-cladding components and then attaching all the elements together by the optical cement technology. With the help of a peristaltic pump, the detected liquid sample can be pumped into (out of) the sample room through the inlet (outlet) to serve as the guiding layer.
The dielectric constant of the prism, the metal film and the sample are denoted by ε 0 , ε 1 = ε 1r + i ε 1i , ε 2 = ε 2r + i ε 2i , respectively. The thickness of metal coupling film (h 1 ) is a few dozen nanometers and that of the sample room (h 2 ) is extended into a millimeter scale. Actually, the used SMCW configuration can be seen as a perturbation of the ideal three-layer waveguide, in which there is no energy loss because h 1 is set to be infinite and all the extinction coefficients are zero. The perturbation process involves two steps: firstly adding the extinction coefficients into the metal film and the guiding layer; secondly narrowing the metal coupling film to form a four-layer structure. Consequently, each perturbation step causes one energy damping, i.e., intrinsic and radiative, respectively. The analytical form of the intrinsic and radiative dampings will be derived in the following section.
The dispersion equation of an ideal three-layer waveguide is expressed as [17] (only the TE mode is discussed here, but the TM mode can be treated in a similar way)
where m is the order of the guided mode,
0 ε 1r is the decay coefficient in the metal film, and κ 2 = k 2 0 ε 2r − β 2 is the transverse wavenumber in the sample, respectively. Other parameters used in Eq. (1) are the propagation constant in the ideal three-layer waveguide β = k 0 √ ε 0 sin θ, the wavenumber in vacuum, k 0 = 2π/λ, the wavelength, λ, and the angle of incidence, θ, respectively. First, we add all the extinction coefficients and derive the intrinsic damping. In the visible and near-infrared regions, dielectric constant of the noble metal satisfies |ε 1r | ε 1i . Let's consider a weakly absorbing sample, namely ε 2i is a small quantity. We can approximate α 1 and κ 2 as
As a result, the first-order perturbation theory gives us another expression of (1)
In the three-layer waveguide with extinction coefficients, the propagation constant (β) possesses an additional term, i.e., β = β + i β int , where β int represents the intrinsic damping, which origins from the absorption of metal films and sample. Consequently, one can obtain the following approximate expressions:
Substituting (3) into (1), the dispersion equation should be rewritten as
where h e f f = 2 α 1 + h 2 is the effective thickness of the guiding layer. The formula for β int can be derived from the comparison between (2) and (4)
It indicates that the intrinsic damping relates to the extinction coefficients and consists of two parts, which denote the absorption in the metal films and the sample, respectively.
Second, we narrow the metal coupling film to form a four-layer structure, whose dispersion equation is
where
) is half of the reflection phase between the prism and the metal coupling film, and κ 0 = k 2 0 ε 0 − β 2 is the transverse wavenumber of prism. Only keeping the first-order perturbation in the last term of (6), one can get
where φ 21 = arctan(
) is half of the reflection phase between the sample and the metal coupling film. Since the existence of prism can lead to a leakage loss of the guided mode, i.e., the radiative damping, the propagation constant of SMCW can be expanded as β = β + β rad , where β rad is a small complex number and its imaginary part is given by
βh e f f sin 2φ 21 sin 2φ 01 exp(−2α 1 h 1 ).
It implies that the radiative damping of SMCW is closely connected to thickness of the metal coupling film, namely, a smaller h 1 causes a bigger radiative damping.
Sensitivity Analysis
The reflection coefficient of SMCW is written as [20] 
where r ij =
is the Fresnel reflection coefficient. Under the weak coupling condition, i.e., exp(−2α 1 h 1 ) 1, the reflectivity can be cast in the form
When the angle of incidence satisfies the phase matching condition, i.e., β = β + Re( β rad ), the reflectivity curve reaches its minimum, which is given by
It shows that the minimum reflectivity of SMCW becomes zero only when the intrinsic and radiative dampings are equal to each other, that is to say
For a fixed thickness of metal coupling film, the radiative damping described by (8) is found to remain almost unchanged. If the extinction coefficient of sample is altered, the second term in the intrinsic damping (see (5)) and then the minimum reflectivity could vary accordingly. Therefore, the minimum reflectivity is a desired signal to perform the absorption-based sensing. Fig. 2(a) and (b) show the calculated dependences of the intrinsic and radiative dampings of one excited ultrahigh-order mode (m = 4184) on the extinction coefficient of sample (ε 2i ) and the thickness of metal coupling film (h 1 ), respectively. The selected calculation parameters are as follows: ε 0 = 2.25(glass), ε 1 = −16 + i 0.5(silver), ε 2r = 1.7689(the pure water), h 2 = 1 mm, λ = 632.8 nm. In Fig. 2(a) , the radiative damping is calculated from (8) for three different h 1 , and it is almost independent of ε 2i but decreases with an increment of h 1 ; the intrinsic damping is a linearly increasing function of ε 2i and increases from a nonzero value (see the green five-pointed star), which represents the absorption in the metal films. The intrinsic damping for three different ε 2i depicted in Fig. 2(b) tells us that it is irrelevant to h 1 but increases as increasing ε 2i . Moreover, the radiative damping decreases exponentially with h 1 . Note that the magnitude of the intrinsic and radiative dampings relies on the mode order m, but their dependence behavior on the extinction coefficient of sample and the thickness of metal coupling film are similar to Fig. 2 .
The calculated reflectivity of SMCW with two different thicknesses of the metal coupling film (h 1 = 32 nm and h 1 = 50 nm) for various extinction coefficients of the sample as a function of the angle of incidence is illustrated in Fig. 3(a) and (b) , respectively. For a zero extinction coefficient sample, both SMCW structures give a very narrow full width at half maximum (FWHM) in the reflectivity curves. Moreover, the minimum reflectivity (marked by a green five angle star) of the SMCW with a thinner metal coupling film is bigger than that of the SMCW with a thicker one. As increasing the extinction coefficient of sample, the FWHM of both SMCW structures becomes wider due to the additional absorption [21] . Note that the dependence of minimum reflectivity on the extinction coefficient of sample exhibits two different evolution behaviors. As shown in the inset of Fig. 3 , for the SMCW with a thinner metal coupling film, the minimum reflectivity decreases at first, reaches zero, then increases gradually as the extinction coefficient of sample increases; while in another case, the minimum reflectivity always increases with increasing the extinction coefficient of sample.
To understand why there are two different evolution behaviors of minimum reflectivity, the intrinsic damping, the radiative damping and the minimum reflectivity as functions of the extinction coefficient of sample for h 1 = 32 nm and h 1 = 50 nm are calculated and shown in Fig. 4 . For h 1 = 32 nm (see Fig. 4(a) ), the intrinsic damping, which is initially smaller than the radiative damping, will become larger than the latter one due to the gradually additional absorption of the sample. Furthermore, the intrinsic and radiative dampings can equal to each other at a crossover point where the minimum reflectivity reaches zero. As mentioned in Fig. 2(b) , the radiative damping is an exponentially decreasing function of h 1 . For h 1 = 50 nm (see Fig. 4(b) ), the radiative damping is less than the first term in (5) (i.e., the absorption in the metal films). As a result, the difference between these two dampings becomes bigger and the minimum reflectivity always increases with increasing ε 2i . Here, we define a critical thickness (h 1c ) of the metal coupling film as where the radiative damping is equal to the first term in (5) . For the SMCW structure with our selected parameters, the critical thickness is calculated to be 45 nm, which is bigger than 32 nm but smaller than 50 nm. The sensitivity of absorption-based sensing is defined as the derivative of the minimum reflectivity (R min ) with respect to the extinction coefficient of sample (ε 2i ), i.e.,
Fig. 5 displays the minimum reflectivity as a function of the extinction coefficient of sample for several different thicknesses of metal coupling film. If h 1 < h 1c , the extinction coefficient of sample can't be uniquely determined since the minimum reflectivity is a double-valued function. For the case of h 1 > h 1c , the minimum reflectivity is a uniform function of the extinction coefficient of sample. Note that the slope of the minimum reflectivity curve becomes steeper and thus the sensitivity becomes higher as increasing h 1 . However, a very high sensitivity comes at a price of a narrower sensing range. For equilibrium consideration, the SMCW with a critical thickness of metal coupling film can be employed in the actual experiment. By assuming that the detectable minimum reflectivity variation is 0.2% [22] , the resolution for the extinction coefficient of sample can be down to 1e-6, which is a result with high sensitivity.
Experiment and Discussion
The experimental setup for the proof-of-concept SMCW absorption-based sensing is shown in Fig. 6(a) . A light beam from a He-Ne laser passes subsequently through an aperture of diameter 0.1 mm, an optical chopper, a polarizer and another aperture of the same diameter, and then impinges upon the SMCW, which is firmly mounted on a computer-controlled θ/2θ goniometer. A photodiode and a lock-in amplifier are employed to monitor the intensity of reflected light beam and restrain the noise, respectively. A series of methylene blue solution are used as samples, whose extinction coefficient at 632.8 nm as a function of concentration is measured by a spectrophotometer with a resolution of approximately 1e-4. As illustrated in Fig. 6(b) , there is a good linearity between the extinction coefficient and the concentration (see red dash-dotted line, R 2 = 0.991) in the low concentration region. The nonlinearity in the high concentration region may result from the aggregation of methylene blue molecules. Therefore, the concentration of sample can be determined if its extinction coefficient has been measured.
Two SMCW with different thicknesses of metal coupling film (h 1 = 32 nm and h 1 = 50 nm) are purchased from Finisar Inc. (Shanghai, China), whose optical cement technology can provide a good parallelism and thus guarantee a perfect measurement. During the experiment, both the SMCW and the methylene blue solution are placed in a thermal shield box made of the polymethylmethacrylate, and the room temperature is held constant at 27.3°C. The reflectivity with respect to the angle of incidence is measured by rotating the θ/2θ goniometer. As expected, the SMCW with a thinner metal coupling film, the minimum reflectivity decreases at first, and then increases gradually as the concentration of methylene blue solution increases (see Fig. 7(a) ), while in another case, the minimum reflectivity always increases with increasing the methylene blue concentration (see Fig. 8(a) ). Note that the concentrations of the pumped methylene blue solution are diluted by 100 times since the resolution of SMCW is almost two-orders smaller than that of the spectrophotometer. The angular shift of minimum reflectivity is caused by the change in the real part of sample dielectric constant. Because the minimum reflectivity is a double-valued function of the extinction coefficient under the condition of h 1 < h 1c (see Fig. 7(b) ), and therefore, we pay a close attention to the situation of h 1 > h 1c and define the dip absorbance as A = −10 log R min for the sake of discriminating the minimum reflectivity more clearly. Fig. 8(b) shows that the dip absorbance is a monotonically decreasing function of the methylene blue concentration. As a result, the minimum reflectivity of the SMCW can be considered as a desired signal to perform the absorption-based sensing for determining the methylene blue concentration.
Conclusion
In conclusion, we have proposed an optical scheme to perform the absorption sensing based on the SMCW structure. The analytical results show that the radiative damping is mainly determined by the thickness of metal coupling film, and the intrinsic damping consists of two parts, which represent the absorption in the metal films and the sample, respectively. The reason there are different evolution behaviors of the minimum reflectivity to respond to the alteration of the extinction coefficient of sample is discussed in detail. The sensitivity analysis implies that the detectable resolution for the extinction coefficient of sample can be down to 1e-6. The experimental measurements of the methylene blue concentration confirm the sensitivity analysis well and validate the feasibility of SMCW-based absorption sensing, which could have potential application in other bio-chemical detections.
